Proton translocation coupled to dimethyl sulfoxide (DMSO) reduction was examined in Escherichia coli HB101 grown anaerobically on glycerol and DMSO. Rapid acidification of the medium was observed when an anaerobic suspension of cells, preincubated with glycerol, was pulsed with DMSO, methionine sulfoxide, nitrate, or trimethylamine N-oxide. The DMSO-induced acidification was sensitive to the'uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (60 ,uM) and was inhibited by the quinone analog 2-n-heptyl-4-hydroxy-quinoline-N-oxide (5.6 ,LM). Neither sodium azide nor potassium cyanide inhibited the DMSO response. An apparent -*H+/2e-ratio of 2.9 was obtained for DMSO reduction with glycerol as the reductant. Formate and H2(g), but not lactate, could serve as alternate electron donors for DMSO reduction. Cells grown anaerobically on glycerol and fumarate displayed a similar response to pulses of DMSO, methionine sulfoxide, nitrate, and trimethylamine N-oxide with either glycerol or H2(g) as the electron donor. However, fumarate pulses did not result in acidification of the suspension medium. Proton translocation coupled to DMSO reduction was also demonstrated in membrane vesicles by fluorescence quenching. The addition of DMSO to hydrogen-saturated everted membrane vesicles resulted in a carbonyl cyanide p-trifluoromethoxyphenylhydrazone-sensitive fluorescence quenching of quinacrine dihydrochloride. The data indicate that reduction of DMSO by E. coli is catalyzed by an anaerobic electron transport chain, resulting in the formation of a proton motive force.
Proton translocation coupled to dimethyl sulfoxide (DMSO) reduction was examined in Escherichia coli HB101 grown anaerobically on glycerol and DMSO. Rapid acidification of the medium was observed when an anaerobic suspension of cells, preincubated with glycerol, was pulsed with DMSO, methionine sulfoxide, nitrate, or trimethylamine N-oxide. The DMSO-induced acidification was sensitive to the'uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (60 ,uM) and was inhibited by the quinone analog 2-n-heptyl-4-hydroxy-quinoline-N-oxide (5.6 ,LM). Neither sodium azide nor potassium cyanide inhibited the DMSO response. An apparent -*H+/2e-ratio of 2.9 was obtained for DMSO reduction with glycerol as the reductant. Formate and H2(g), but not lactate, could serve as alternate electron donors for DMSO reduction. Cells grown anaerobically on glycerol and fumarate displayed a similar response to pulses of DMSO, methionine sulfoxide, nitrate, and trimethylamine N-oxide with either glycerol or H2(g) as the electron donor. However, fumarate pulses did not result in acidification of the suspension medium. Proton translocation coupled to DMSO reduction was also demonstrated in membrane vesicles by fluorescence quenching. The addition of DMSO to hydrogen-saturated everted membrane vesicles resulted in a carbonyl cyanide p-trifluoromethoxyphenylhydrazone-sensitive fluorescence quenching of quinacrine dihydrochloride. The data indicate that reduction of DMSO by E. coli is catalyzed by an anaerobic electron transport chain, resulting in the formation of a proton motive force.
Escherichia coli is a facultative anaerobe capable of deriving energy for aerobic growth by oxidative phosphorylation or anaerobic growth by fermentation or anaerobic respiration. Anaerobic respiration on fumarate (FUM), nitrate, and trimethylamine N-oxide (TMAO) have been well studied (5, 8) . Several organisms, including E. coli, are capable of reducing dimethyl sulfoxide (DMSO) to dimethyl sulfide during growth (21) , and in some cases it has been shown that DMSO can serve as the terminal electron acceptor during anaerobic growth (11, 20) . We recently reported the ability of E. coli to grow anaerobically on a minimal medium with DMSO as the terminal electron acceptor (1) . Under these conditions, an inducible and membrane-bound enzyme is synthesized which catalyzes DMSO reduction.
According to the chemiosmotic hypothesis, electron flow through the respiratory chain of mitochondria, chloroplasts, or bacteria is coupled to ATP synthesis by the formation of a proton gradient across an energy-transducing membrane (12) . In the present paper, we demonstrate by pH and fluorescence quenching measurements with anaerobically grown E. coli that proton translocation is coupled to DMSO reduction. Thus, anaerobic respiration on DMSO can serve as an energy-yielding pathway for the growth of this organism.
MATERIALS AND METHODS Growth conditions. E. coli HB101 (F-hsdR hsdM pro leu gal lac thi recA rpsL) was grown anaerobically on a minimal medium as described previously (1) growth. Cells were grown anaerobically for either 36 h (DMSO) or 24 h (FUM) at 37°C.
Preparation of everted envelopes. Membrane vesicles were prepared by French pressure cell disruption as described previously (1) , except that the final membrane pellet was suspended in 1 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [pH 7.5]) containing 100 mM KCI.
Preparation of whole cells for pH measurements. Cells were grown to late-log phase (optical density at 550 nm = 1.2 + 0.1), harvested at 3,840 x g, and washed twice with 150 mM KCI containing 0.5 mM dithiothreitol-0.1 mM sodium pyrophosphate (one-fifth of medium volume per wash). The final cell pellet was suspended in 100 mM KCI containing 25 mM KSCN, 0.1 mM sodium PP1, and 50 jxg of carbonic anhydrase per ml. The cell suspension, containing 2.8 x 109 cells per ml, was stored on ice in 4.0-ml volumes with either 7 mM GLY, 7 DMSO (Fig. 1A) . Although 10 p,M FCCP was sufficient to deplete the proton gradient formed, 60 ,M was required to inhibit a further response to DMSO. The above data indicate that the reduction of DMSO or methionine sulfoxide by E. coli is coupled to an uncoupler-sensitive outward translocation of protons.
It was previously reported that cells grown anaerobically on GLY-DMSO medium synthesized nitrate, TMAO, and FUM reductases in addition to DMSO reductase activity (1) . As shown in Fig. 1B (Fig. 1C) , despite the presence of FUM reductase activity.
DMSO undergoes a two-electron reduction to form 10 ,uM final concentration, and 500 nmol of all electron acceptors was added. Vertical arrows (H+) correspond to a pulse of 500 nmol of HCI.
sion of E. coli to determine whether the DMSO-induced medium acidification requires a functional electron transport chain.
Azide, an inhibitor of cytochrome c oxidase in eucaryotes, is known to be a competitive inhibitor of nitrate in the nitrate reductase pathway (3, 7). The addition of 0.37 mM sodium azide, a concentration which was necessary to completely inhibit a response to nitrate, had little or no effect on the DMSO-induced proton translocation ( Fig. 2A) .
Cyanide is known to bind to cytochromes o and d and inhibit aerobic electron transport in E. coli (8) . It is also an effective inhibitor of nitrate reductase in this organism (7) . The addition of 5.0 mM KCN, a concentration which severely inhibited responses to nitrate (Fig. 2B) , had no apparent effect on the DMSO-induced proton translocation.
In contrast to the CN-and azide results, DMSO and methionine sulfoxide reduction was inhibited by the quinone analog HOQNO at 5.6 ,uM (Fig. 3A) . Lower concentrations of HOQNO did not fully inhibit responses to DMSO. This concentration of HOQNO (5.6,uM) had no effect on the nitrate (Fig. 3A) or TMAO responses (Fig. 3B) . Both nitrate and FUM reduction are sensitive to HOQNO (13, 15) , whereas TMAO reduction is reported to be insensitive to HOQNO (2) . Our data suggests that DMSO reduction is more sensitive to HOQNO inhibition than the nitrate reductase pathway. No comparison to FUM reduction could be made.
Alternate electron donors. In the previous sections, cells which had been grown in GLY-DMSO medium were incubated anaerobically with excess GLY for the proton translocation experiments. To test alternate electron donors, the harvested and washed cells were incubated with either D-(-)-lactate or potassium formate, or they were bubbled with H2(g).
As shown in Fig. 4A , none of the indicated acceptors resulted in proton translocation when lactate was used as the electron donor. In contrast, a weak but measurable DMSOinduced, FCCP-sensitive proton translocation was observed with formate as the electron donor (Fig. 4B) .
Hydrogen gas has been used as a reductant for anaerobic growth on FUM, nitrate, or TMAO (18), a process requiring a membrane-bound hydrogenase. Pulses of DMSO resulted in an FCCP-sensitive acidification of the medium when H2(g) was used as an electron donor (Fig. 4C) .
In summary, several electron donors were shown to couple to DMSO reduction and result in a proton gradient. These include GLY, formate, and H2(g), but no response to lactate was recorded.
DMSO reduction with GLY-FUM-grown cells. Due to the inability to demonstrate FUM-dependent proton translocation with whole cells grown on GLY-DMSO medium, cells were prepared from anaerobic growth on GLY-FUM medium, and proton translocation experiments were performed. It was previously reported that DMSO, nitrate, TMAO, and FUM reductase activities were present in cells grown on GLY-FUM medium (1) . (6, 9) . Quinacrine dihydrochloride is a weak base which distributes according to the transmembrane ApH (14) . Its accumulation within the vesicles, as a result of the inward translocation of protons, gives rise to a quenching of fluorescence. Vesicles are employed to avoid problems associated with permeability, transport, and contributions by cytoplasmic or periplasmic scalar reactions. It was of interest, therefore, to verify the results of the pH electrode study by this method. Hydrogen was used as a reductant for these experiments. Everted membrane vesicles, prepared from cells grown on GLY-DMSO medium, were suspended in an H2(g)-saturated buffer for experimentation. The addition of DMSO to hydrogen-saturated membrane vesicles (Fig. 6A ) resulted in quenching of the acridine dye. The sudden return in fluores-cence is probably due to the depletion of hydrogen, as a subsequent addition of DMSO was without effect. The addition of NADH as an energy source restored quenching. The addition of ATP also resulted in fluorescence quenching, due to hydrolysis of the substrate by the proton-translocating ATPase (5). The addition of FUM or nitrate to the same preparation of H2(g)-saturated membrane vesicles also resulted in fluorescence quenching of quinacrine dihydrochloride (data not shown). The DMSO-dependent fluorescence quenching is sensitive to the action of the uncoupler FCCP (Fig. 6B) , which equilibrates protons across the membrane. The above results support the data obtained with whole cells (Fig. 4C ) that hydrogen-coupled DMSO reduction results in the generation of a transmembrane pH gradient.
DISCUSSION
It was recently demonstrated that E. coli is capable of anaerobic growth with DMSO as the terminal electron acceptor (1) . Under these growth conditions, a membranebound enzyme catalyzing DMSO reduction is synthesized. A molybdenum cofactor requirement for DMSO reduction was suggested by the inhibitory effects of sodium tungstate on growth and by the lack of growth of chlorate-resistant mutants chiA, chlB, chlE, and chlG on the GLY-DMSO medium. DMSO reductase activity was repressed by the presence of nitrate in the growth medium or by aerobic growth and appeared to be under the control of the fnr gene product, a positive regulator for the expression of anaerobic terminal reductases (1) . The data suggested that E. coli is capable of anaerobic respiration on DMSO.
The coupling of DMSO reduction to the generation of a proton motive force was investigated in the present study. According to the chemiosmotic hypothesis proposed by Mitchell (12) , electron flow through an electron transport chain results in the translocation of protons in a vectorial manner. This results in the generation of a gradient of pH (ApH) and electrical potential (A4i) across the membrane.
These two components constitute the proton motive force, which can be a function of ApH or A*s exclusively or a combination of these two components. The resulting proton motive force is used for many energy-linked processes across the membrane, including ATP synthesis via the reversible proton-translocating ATPase.
Our results with whole cells and membrane vesicles obtained from E. coli grown anaerobically on DMSO clearly demonstrate the formation of a proton gradient coupled to DMSO reduction. Electron flow from GLY, formate, and H2(g) to DMSO resulted in the formation of a proton gradient. Proton translocation was blocked by the uncoupling action of FCCP or by the presence of the quinone analog HOQNO. These results are consistent with electron flow to DMSO through an electron transport chain, i.e., anaerobic respiration on DMSO. The midpoint oxidationreduction potential for DMSO/dimethyl sulfide has been calculated by Wood (17) to be +160 mV. As this value lies between those of FUM/succinate and nitrate/nitrite (+30 mV and +420 mV, respectively [8] ), the coupling of DMSO reduction to ATP synthesis is thermodynamically possible.
E. coli is capable of anaerobic respiration on FUM, nitrate, and TMAO, and proton translocation coupled to their reduction has been previously documented (4, 6, 16) . The photosynthetic bacterium Rhodopseudomonas capsulata was shown to be capable of anaerobic growth in the dark with DMSO as the electron acceptor (19) . It was recently reported that the reduction of DMSO or TMAO by whole cells of R. capsulata will generate a cytoplasmic membrane potential (11) .
The stoichiometry for DMSO reduction, -H+/2e-, was estimated to be ca. 2.9 with GLY as an energy source. This value decreased with the time of anaerobic incubation, an observation reported by Takagi et al. (16) 
